Introduction
============

There is increasing evidence for interactions between the cells and signals of the immune system and the nervous system, both with regard to the regulation of physiological processes, and the involvement of inflammatory mechanisms in the pathophysiology of certain neurodegenerative disorders, including Alzheimer\'s disease (AD). Cytokines are pleiotropic, low molecular weight proteins that are involved in physiological and pathological processes, partly through their activities in the brain. Interleukin-1 (IL-1) is one of the most important proinflammatory cytokines in the immune response to infection, and is also implicated in neuroinflammation associated with several neurodegenerative disorders (see ref. \[[@b1]\]), such as cerebral ischaemia \[[@b2]\] and AD \[[@b4]\]. In addition, IL-1 is involved in many physiological processes, including brain development \[[@b5]\], glucose and lipid metabolism, modulation of sleep and neuroendocrine regulation (see refs. \[[@b1]\]), as well as in the modulation of learning and memory processes \[[@b7]\]. The IL-1 system is composed of three major ligands, *i.e.* the agonists IL-1α and IL-1β and the endogenous receptor antagonist, IL-1ra. An intracellular response is initiated by the binding of IL-1α or IL-1β to the signalling receptor IL-1 receptor type I (IL-1RI), leading to its association with the IL-1R accessory protein (IL-1RAcP) \[[@b9]\]. IL-1ra acts as a selective, competitive antagonist of IL-1-induced activity, and binds to the signalling IL-1RI without the following association with IL-1RAcP \[[@b9]\]. Four isoforms of IL-1ra have been identified, a 17-kDa secretory form \[[@b10]\], and three intracellular forms of 18, 25 and 15 kDa, respectively \[[@b11]\], suggesting a complex regulation of IL-1 signalling. The expression of IL-1ra is induced in the brain in several models of neurological disease, such as upon peripheral administration of kainic acid (KA), as model for human temporal lobe epilepsy \[[@b12]\], and following cerebral ischaemia \[[@b16]\]. Notably, peripheral administration of IL-1ra \[[@b18]\], and delivery of IL-1ra into the brain by means of adenoviral transfection \[[@b19]\] provided neuroprotection in focal cerebral ischaemia in rodents. The recent report showing that IL-1ra may have agonistic activities in the hippocampus, independent of IL-1RI \[[@b21]\], can only stimulate the research in this area.

Inflammatory processes appear to play an important role in AD, but the cellular and molecular events of inflammation in relation to neuronal cell death are not fully elucidated. An increasing body of evidence suggesting the involvement of IL-1 in the pathogenesis of AD has accumulated in the latest years (for review see ref. \[[@b22]\]). Cytokines such as IL-1 and interleukin-6 (IL-6) have been shown to affect the synthesis, metabolism and secretion of β-amyloid precursor protein (APP) \[[@b23]\], the precursor for β-amyloid (Aβ) peptide, the main constituent in amyloid plaques. A recent study showed that IL-1β and TNF-α influence the metabolism of APP by stimulating γ-secretase cleavage \[[@b26]\]. Presenilin 1 (PS1) is part of the protein complex performing the γ-cleavage activity \[[@b27]\], and disease-causing mutations of PS1 have been found in several families with hereditary AD \[[@b28]\].

The aim of the present study was to investigate the influence of IL-1ra on the brain volume and the levels of proteins involved in the neuropathology in AD, *i.e.* APP and PS1, using the transgenic mouse strain with brain-directed overexpression of human soluble IL-1ra (Tg hsIL-1ra) \[[@b31]\]. In view of the commonly occurring compensatory mechanisms in genetically modified animals, the brain levels of IL-1β, and other proinflammatory cytokines influenced by IL-RI-mediated activity, such as IL-6 \[[@b32]\] and tumour necrosis factor-α (TNF-α) \[[@b33]\], are analysed in parallel to the transgenic expression of human IL-1ra.

Materials and methods
=====================

Animals
-------

Tg hsIL-1ra was developed previously using C57B6/CBA (Charles River, Germany) as the background strain \[[@b31]\]. The promoter for murine glial fibrillary acidic protein (GFAP) was used to limit the expression of hsIL-1ra to the central nervous system (CNS).

Homozygotic (Tg hsIL-1ra^+/+^), heterozygotic (Tg hsIL-1ra^+/−^) and WT littermates of 30--40 days and 13--14 months were bred in the animal facility at Karolinska University Hospital Huddinge, and used for the studies on cytokine production. In addition, age- and gender-matched WT mice (C57B6/CBA, Charles River, Germany) obtained from the same provider as the animals used for generation of the transgenic mice were used for the morphological studies. The animals were housed under controlled conditions of temperature (21.0 ± 0.4°C), relative humidity (55--65%) and light-dark cycle (12:12 hrs, lights on at 06:00 hrs). Food and tap water were available ad libitum. The experimental procedures were approved by the Stockholm South local committee on ethics of animal experiments (S30--02).

Animal genotyping
-----------------

Animal genotyping was performed on DNA extracted and purified with the GenElute kit (Sigma, St Louis, MO, USA) from tissue obtained from earmarking the animals. Polymerase chain reaction (PCR) was performed using specific primers (Thermo Electron, GmbH, Ulm, Germany) for hsIL-1ra (sense: 5'-CGACCCTCTGGGAGAAAATC-3', anti-sense: 5'-CTCATCACCAGACTTGACAC-3') and mouse β-actin (sense: 5'-AGGGAAATCGTGCGTGACAT- 3', anti-sense: 5'-CATCTGCTGCAAGGTGGACA-3', the latter used for normalising the levels of hsIL-1ra to a mouse house-keeping protein. Briefly, primers and sample DNA were added in equimolar amounts (0.2 μM), together with 0.2 μl Taq-polymerase, 0.2 μl Taq-antibody, 1.5 μl MgCl2, 5 μl reaction buffer, 50 μM dNTP (all from Invitrogen AB, Uppsala, Sweden) and distilled H~2~O, to a final volume of 50 μl. Amplification was performed in an Eppendorf Thermocycler as follows: (1) 94°C, 5 min; (2) 94°C, 30 sec; (3) X°C, 5 min; (4) 72°C, 1 min; (2) to (4) was repeated 11 times with X starting on 56°C, and lowered with 0.5°C each iteration until 51°C; (5) 94°C, 30 sec; (6) 51°C, 5 min; (7) 72°C, 1 min; (5) to (7) was repeated 15 times; (8) 72°C, 7 min; (9) 4°C. The PCR-product was analysed by electrophoresis in Tris-borate- ethylenediaminetetraacetic acid (EDTA)-buffered agarose gels (2% wt/vol). The gels were stained with ethidium bromide and scanned in ultraviolet light. There was no band at the size of hsIL-1ra in samples from the WT mice.

Morphological studies
---------------------

### Measurements of brain volume

Nineteen male 30--40 days old WT (n = 6), Tg hsIL-1ra^+/−^ (n = 7) and Tg hsIL-1ra^+/+^ (n = 6), and 26 male 12 months old WT (n = 8), Tg hsIL-1ra^+/−^ (n = 9) and Tg hsIL-1ra^+/+^ (n = 9) mice were used for the assessment of total brain volume, using the principle of communicating vessels. Briefly, we used a custom-made device, consisting of two plastic syringes, of 10 and 1 ml, respectively, connected with plastic tubing and filled with phosphate-buffered saline (PBS), 0.01 M, pH 7.4. The 10-ml syringe was positioned vertically and served as a container for the mouse brain, while the 1-ml syringe was positioned horizontally and used for reading the volume dislocated by the brain. Subsequently, each brain was transferred into a solution of 4% para-formaldehyde (PF) in 0.1 M Sörensen phosphate buffer, pH 7.4 and stored at 4°C until further processing.

### Preparation of brain tissue samples

A total of 59 littermates at the age of 30--40 days (n = 29) including male WT (n = 6), Tg hsIL-1ra^+/−^ (n = 5) and Tg hsIL-1ra^+/+^ (n = 6) mice, and female WT (n = 3), Tg hsIL- 1ra^+/−^ (n = 7) and Tg hsIL-1ra^+/+^ (n = 2) mice, and at the age of 13--14 months (n = 30) including male WT (n = 4), Tg hsIL-1ra^+/−^ (n = 5) and Tg hsIL-1ra^+/+^ (n = 5) mice and female WT (n = 4), Tg hsIL-1ra^+/−^ (n = 6) and Tg hsIL-1ra^+/+^ (n = 6) mice, were used for ELISA and Western blot analysis. The animals were sacrificed by decapitation and the hippocampus, cerebellum, and parietal cortex, were rapidly dissected out on ice, frozen and stored at (80°C until further processing. The tissues were immersed in ice-cold lysis buffer containing 20 mM Tris-HCl, 137 mM NaCl, 2% Nonidet P-40, 2% Triton X and a 1% protease inhibitor cocktail (Sigma-Aldrich, Inc., St. Louis, MO, USA), and sonicated (Soniprep 150, MSE Ltd., Crawley, UK) in three cycles of 15-sec pulses with 20-sec cooling between pulses. The samples were centrifuged at 11.000 rpm for 10 min at 4°C and supernatants stored at --80°C. A bichinchoninic acid kit (Sigma-Aldrich) was used for protein determination.

### Cytokine measurements

Levels of the transgene product (hsIL-1ra), and of murine (m) IL-1β, mIL-6 and mTNF-α, were analysed by ELISA Duoset Development kits (RD systems, Abingdon, UK) according to the manufacturer\'s protocol, in samples prepared (see above) of the hippocampus, parietal cortex and cerebellum from transgenic and WT mice.

### Western blot analysis

Western blot analysis of APP and PS1 was performed on hippocampal and cerebellar samples from 48 littermates (also used for the determination of cytokine levels) at the age of 30--40 days (n = 24) including male WT (n = 5), Tg hsIL-1ra^+/−^ (n = 4) and Tg hsIL-1ra^+/+^ (n = 5) mice and female WT (n = 3), Tg hsIL-1ra^+/−^ (n = 5) and Tg hsIL-1ra^+/+^ (n = 2) mice, and at 13--14 months age (n = 24) including male WT (n = 4), Tg hsIL-1ra^+/−^ (n = 4) and Tg hsIL-1ra^+/+^ (n = 4) mice and female WT (n = 4), Tg hsIL-1ra^+/−^ (n = 4) and Tg hsIL-1ra^+/+^ (n = 4) mice. Each sample, containing 20-μg protein was loaded on SDS-PAGE 10% polyacrylamide gels. Proteins were transferred onto Hybond ECL nitrocellulose membranes (Amersham Biosciences, Little Chalfont, UK) by trans-blot electrophoretic transfer for 2 hrs at a constant current of 220 mA. After blocking for 30 min using 5% dried milk in Tris-buffered solution, the membranes were incubated over night with mouse monoclonal antibodies to APP at 1:1000 (22C11, reacting with the NH2-terminus; Chemicon, Temecula, CA, USA) or with rabbit antibodies to PS1 at 1: 2000 (reacting with the COOHterminus, Calbiochem, Darmstad, Germany). After washing in Tris-buffer containing 0.1% Tween-20 for 2 × 15 min, the membranes were incubated for 1.5 hrs with horseradish peroxidase (HRP)-linked anti-mouse IgG (1: 5000; Amersham Biosciences). Bound antibodies were detected by the enhanced chemiluminiscence (ECL) method (Amersham Biosciences), and exposure to Hyperfilm MP (Amersham Biosciences). The optical density (OD) was determined using the NIH IMAGE software, v.1.63. In order to ensure loading of equal amounts of protein, the membranes were stained with Ponceau S solution (Sigma-Aldrich).

Statistics
----------

Two-way factorial ANOVA was used for analysis of statistically significant differences in cytokine levels, total brain volume, and levels of APP and PS1. Bonferroni\'s post hoctest was used to identify groups contributing to the significance.

Statistical comparisons of cytokine, APP and PS1 levels between male and female young mice were not performed, due to the low number of young female Tg hsIL-1ra^+/+^ and WT mice (n = 2).

Correlations between levels of the transgene (hsIL-1ra), the proinflammatory cytokines, APP and PS1, were performed using simple linear regression analysis.

The [statistica]{.smallcaps} 6.01 software (StatSoft Scandinavia AB, Uppsala, Sweden) was used and a threshold of P \< 0.05 was considered significant. The results are expressed as mean ± standard error of the mean (SEM).

Results
=======

Total brain volume
------------------

The analysis of total brain volume was based on young (30--40 days) and adult (12 months) male mice of all genotypes. All groups contained at least 6 animals (for details see Materials and methods). The total brain volume was significantly influenced by the genotype (F(2, 39) = 12.05, P \< 0.001). The *post hoc* analysis revealed that the brain volume of the Tg hsIL-1ra^+/+^ mice was lower than the brain volume in Tg hsIL-1ra^+/−^ (P \< 0.001) and WT (P \< 0.001) mice, respectively ([Fig. 1A](#fig01){ref-type="fig"}). The age did not influence the total brain volume, and there was no significant interaction between genotype and age. Representative frontal sections showing the atrophic brain phenotype in Tg hsIL-1ra^+/+^ mice are shown in [Figure 1B](#fig01){ref-type="fig"}.

![Total brain volume (**A**) in mice with transgenic expression of human soluble interleukin-1 receptor antagonist (hsIL-1ra) with homozygotic (Tg hsIL-1ra^+/+^) and heterozygotic (Tg hsIL-1ra^+/−^) genotype, and of wild type (WT) mice, of young (1month) and adult (13--14 months) age. Tg hsIL-1ra^+/+^ mice have a smaller brain volume than Tg IL-1ra^+/−^ mice (\**P* \< 0.001) and WT mice (\**P* \< 0.001), respectively (**A**). **B** shows cresyl violet-stained sections of the brain at bregma +0.6 mm, from two adult mice, WT and homozygotic (Tg hsIL-1ra^+/+^), respectively, illustrating the reduced brain volume and enlarged ventricles. Scale bar = 2.5 mm.](jcmm0011-0810-f1){#fig01}

Cytokine measurements
---------------------

The measurements of hsIL-1ra, mIL-1β, mTNF-α and mIL-6, were performed in tissue extracts of the hippocampus, parietal cortex and cerebellum of Tg hsIL-1ra^+/+^, Tg hsIL-1ra^+/−^ and their WT littermates, of 30--40 days and 13--14 months age. For details on the animal groups see Materials and methods.

hsIL-1ra
--------

The genotype influenced the levels of hsIL-1ra in all brain regions analysed ([Fig. 2A--F](#fig02){ref-type="fig"}). The concentrations were approximately twice as high in the Tg hsIL-1ra^+/+^ mice as compared to the levels in the Tg hsIL-1ra^+/−^ mice.

![The levels of human interleukin-1 receptor antagonist (hIL-1ra) in hippocampus (**A, B**), parietal cortex (**C, D**) and cerebellum (**E, F**) of male and female mice with transgenic expression of human soluble IL-1ra (hsIL-1ra) with homozygotic (Tg hsIL-1ra^+/+^) and heterozygotic (Tg hsIL-1ra^+/−^) genotype, and of wild type (WT) mice. The levels are gene dosage-dependent in all the three brain regions (**A--F**; statistical data given in Results). In the hippocampus, female mice have higher levels than male mice (\**P* \< 0.001) (**A**). An age-dependent increase is seen in the parietal cortex of homozygotic mice (\**P* \< 0.001) (**D**).](jcmm0011-0810-f2){#fig02}

In the hippocampus, there was a significant interaction effect between gender and genotype (F(2, 53) = 3.94, *P* \< 0.05), *i.e.* the female Tg hsIL-1ra^+/+^ mice had higher levels of hsIL-1ra than the male Tg hsIL-1ra^+/+^ (*P* \< 0.001) ([Fig. 2A](#fig02){ref-type="fig"}). A similar difference was observed when the data from adult mice were analysed separately (F(2, 24) = 9.44, P \< 0.001) (data not shown). There was no influence of age on the levels of hsIL-1ra in the hippocampus ([Fig. 2B](#fig02){ref-type="fig"}).

In the parietal cortex, there was a significant interaction effect between age and genotype (F(2, 53) = 17.32, *P* \< 0.001), *i.e.* the adult Tg hsIL-1ra^+/+^ mice had higher levels of hsIL-1ra than the young Tg hsIL-1ra^+/+^mice (*P* \< 0.001) ([Fig. 2D](#fig02){ref-type="fig"}). A similar difference was observed when the data from male mice were analysed separately (F(2, 25) = 7.97, *P* \< 0.01) (data not shown). Gender did not influence the concentrations of hsIL-1ra in the parietal cortex ([Fig. 2C](#fig02){ref-type="fig"}).

The levels of hsIL-1ra in the cerebellum were influenced only by genotype ([Fig. 2E--F](#fig02){ref-type="fig"}). Neither the gender ([Fig. 2E](#fig02){ref-type="fig"}), nor age ([Fig. 2F](#fig02){ref-type="fig"}) influenced the levels of hsIL-1ra, when the data from all of the animals were pooled together.

IL-1β
-----

There was no difference in the levels of IL-1β between the different genotypes, but a significant age-dependent increase in the levels of IL-1β was found in the hippocampus (F(1, 53) = 4.57, *P* \< 0.05) ([Fig. 3A](#fig03){ref-type="fig"}), parietal cortex (F(1, 53) = 6.53, *P* \< 0.05) ([Fig. 3B](#fig03){ref-type="fig"}) and the cerebellum (F(1, 53) = 6.53, P \<0.001) ([Fig. 3C](#fig03){ref-type="fig"}) when data for both genders were pooled. In addition, age-dependent increase was observed in the cerebellum for male mice (F(1, 25) = 62.00, *P* \< 0.001) (data not shown).

![The levels of mouse interleukin-1β (mIL-1β) (**A-C**), IL-6 (**D-F**) and TNF-α (**G-I**) in the hippocampus (**A, D** and **G**), parietal cortex (**B, E** and **H**) and cerebellum (**C, F** and **I**) of mice with transgenic expression of human soluble interleukin- 1 receptor antagonist (hsIL-1ra) with homozygotic (Tg hsIL-1ra^+/+^) and heterozygotic (Tg hsIL-1ra^+/−^) genotype, and of wild type (WT) mice, of young (1 month) and adult (13--14 months) age. Adult mice have higher levels of mIL- 1β than the young mice in the hippocampus (\**P* \< 0.05) (**A**), parietal cortex (\**P* \< 0.05) (**B**) and cerebellum (\**P* \< 0.001) (**C**). The levels of mIL-6 are higher in the adult than young mice in the hippocampus (\**P* \< 0.001) (**D**), parietal cortex (\**P* \< 0.001) (**E**) and cerebellum (\**P* \< 0.001) (**F**). Adult mice have higher levels of mTNF-α levels than young mice in the parietal cortex (\**P* \< 0.001) (**H**) and cerebellum (\**P* \< 0.001) (**I**), but not in the hippocampus (**G**).](jcmm0011-0810-f3){#fig03}

There were no gender differences with regard to IL-1β levels in any of the brain regions studied.

IL-6
----

There was no difference in the levels of IL-6 between the different genotypes, but there was an agedependent increase in the hippocampus, (F(1, 53) = 12.82, *P* \< 0.001) ([Fig. 3D](#fig03){ref-type="fig"}), parietal cortex (F(1, 53) = 44.89, *P* \< 0.001) ([Fig. 3E](#fig03){ref-type="fig"}) and cerebellum (F(1, 53) = 44.89, *P* \< 0.001) ([Fig. 3F](#fig03){ref-type="fig"}) when the data from animals of both genders were included. In addition, when the data male mice were analysed separately, we found higher levels of IL-6 in the parietal cortex and the cerebellum (F(1, 25) = 19.47, *P* \< 0.001 and (F(1, 25) = 21.93, *P* \< 0.001) (data not shown).

The gender influenced the IL-6 levels only in the hippocampus where the levels of IL-6 were higher in female than in male mice, when data from both young and adult mice were pooled (F\[[@b1]\]= 4.32, *P* \< 0.05) (data not shown), as well as when comparing the data from the adult mice (F\[[@b1]\]= 4.45, *P* \< 0.05) (data not shown).

TNF-α
-----

There were no significant differences in the hippocampal levels of TNF-α, neither as an effect of age ([Fig. 3G](#fig03){ref-type="fig"}), gender or genotype. Old mice had higher levels of TNF-α than young mice in the parietal cortex (F(1, 53) = 50.61, P \< 0.001) ([Fig. 3H](#fig03){ref-type="fig"}), and cerebellum (F(1, 53) = 50.61, P \< 0.001) when data from mice of both genders were pooled ([Fig. 3I](#fig03){ref-type="fig"}). A similar effect was found when data from male mice were analysed separately in the parietal cortex (F(1, 25) = 26.37, *P* \< 0.001) and the cerebellum (F(1, 25) = 26.85, *P* \< 0.001) (data not shown).

A significant effect of genotype in the parietal cortex was found in male mice when data from both young and adult were pooled (F(2, 25) = 4.42, P \<0.05). The *post hoc* analysis showed that the concentration of TNF-α in the parietal cortex of the male Tg hsIL-1ra^+/+^ mice was significantly lower as compared to that in the male WT mice (*P* \< 0.05).

The expression of TNF-α was not gender dependent in any of the brain regions analysed.

Analysis of APP and PS1
-----------------------

The levels of APP and PS1 in the hippocampus and cerebellum were measured by Western blotting ([Fig. 4](#fig04){ref-type="fig"}). The age influenced the levels of APP both in the hippocampus and cerebellum ([Fig. 4B, C](#fig04){ref-type="fig"}). Thus, higher levels were found in the hippocampus (F(1, 20) = 5.56, *P* \< 0.05) ([Fig. 4B](#fig04){ref-type="fig"}) and cerebellum (F(1, 20) = 21.13, *P* \< 0.001) ([Fig. 4C](#fig04){ref-type="fig"}), of adult male mice as compared to young male mice. The same effect was observed when mice of both genders were pooled, both for the hippocampus (F(1, 42) = 21.37, P \< 0.001) (data not shown), and cerebellum (F(1, 42) = 41.07, *P* \< 0.001) (data not shown).

![The levels of amyloid precursor protein (APP) (**A--C**) and presenilin-1 (PS1) (**A, D** and **E**) in the hippocampus (**B** and **D**) and cerebellum (**A, C** and **E**) of mice with transgenic expression of human soluble interleukin-1 receptor antagonist (hsIL-1ra) with homozygotic (Tg hsIL-1ra^+/+^) and heterozygotic (Tg hsIL-1ra^+/−^) genotype, and of wild type (WT) mice. Adult mice display higher levels of APP than young mice, both in the hippocampus (\**P* \< 0.05) (**B**) and cerebellum (\**P* \< 0.001) (**C**). In the male mice, APP levels are lower in Tg hsIL-1ra^+/−^ mice than in WT mice (\#*P* \< 0.05) (**A, C**; adult mice). The above line in A shows a representative Western blot for APP, at the size of the full-length protein, in samples from the cerebellum of adult male mice. Regarding PS1 levels, young mice have higher levels than adult mice both in the hippocampus (\**P* \< 0.001) (**D**) and cerebellum (\**P* \< 0.001) (**E**). Tg hsIL-1ra^+/−^ mice have lower levels of PS1 than adult WT in both males and females (\#*P* \< 0.05) (**E**; adult mice). The below line in A shows a representative Western blot for PS1, at the size of the full-length protein, in samples from the cerebellum of adult male mice.](jcmm0011-0810-f4){#fig04}

The gender influenced the levels of APP in the cerebellum, but not hippocampus. Female mice had higher levels of APP in the cerebellum than the male mice, when data from adult animals were analysed separately (F(1, 18) = 6.86, P \< 0.05) (data not shown), and when data from mice of both ages were pooled (F(1, 42) = 4.38, *P* \< 0.05) (data not shown).

There was a significant effect on the levels of APP for genotype in the cerebellum, but not the hippocampus, of male mice, when both young and adult mice were pooled together (F(2, 20) = 5.18, *P* \< 0.05) (data not shown). Comparison of the levels in the cerebellum of adult male mice showed that heterozygotic (Tg hsIL-1ra^+/−^) mice had lower levels than WT mice (*P* \< 0.05) ([Fig. 4A, C](#fig04){ref-type="fig"}). The genotype effect did not reach statistical significance when the data from both genders were pooled (P = 0.06).

With some exceptions, the APP-levels were higher in the cerebellum than in the hippocampus when comparing the levels in each individual (see [Fig. 4B, C](#fig04){ref-type="fig"}). The levels of PS1 were influenced by age in male mice, *i.e.* higher levels were found in the hippocampus (F(1, 20) = 84.69, *P* \< 0.001) ([Fig. 4D](#fig04){ref-type="fig"}) and cerebellum (F(1, 20) = 97.22, P \< 0.001) ([Fig. 4E](#fig04){ref-type="fig"}), of young mice as compared to adult mice, regardless of genotype. The same effect was observed for the cerebellum (F(1, 42) = 155.85, P \< 0.001), but not the hippocampus (F(1, 42) = 0.15), when mice of both genders were pooled (data not shown).

The levels of PS1 in the cerebellum were influenced by gender in adult mice, *i.e.* higher levels were found in female than in male mice (F(1, 18) = 19.71, *P* \< 0.001) (data not shown), regardless of genotype. In the hippocampus, the levels were higher in adult female, than in adult male mice (F(1, 18) = 554.25, *P* \< 0.001) (data not shown). When both young and adult animals were included, the levels of PS1 in the hippocampus were found to be higher in female than in male mice (F(1, 42) = 15.89, *P* \< 0.001) (data not shown), whereas the levels in the cerebellum were not different.

There was a significant effect of genotype on the levels of PS1 in adult animals with regard to the cerebellum (F(2, 18) = 5.20, *P* \< 0.05) ([Fig. 4A, E](#fig04){ref-type="fig"}), but not the hippocampus (F(2, 42) = 0.30) (data not shown). Thus, in the cerebellum of adult mice, male Tg hsIL-1ra^+/−^ mice had lower levels of PS1 than the WT (P \< 0.05) and Tg hsIL-1ra^+/+^ (P \< 0.05) mice ([Fig. 4A, E](#fig04){ref-type="fig"}), and female Tg hsIL-1ra^+/−^ mice had lower levels than the WT (P \< 0.05) mice (data not shown).

Correlations between cytokines and AD-related proteins
------------------------------------------------------

Possible correlations between the levels of cytokines and AD-related proteins, as well as their relations to levels of the transgene, hsIL-1ra, were analysed in the hippocampus ([Fig. 5](#fig05){ref-type="fig"}) and cerebellum ([Fig. 6](#fig06){ref-type="fig"})). Age affected the levels of most of the proteins analysed and therefore the correlation analyses were performed separately for young and adult animals. Only significant linear correlations are indicated. There was no significant correlation between the levels of the transgene and those of the proinflammatory cytokines IL-1β ([Figs 5A, B](#fig05){ref-type="fig"} and [6A, B](#fig06){ref-type="fig"}), IL-6 (not shown) or TNF-α (not shown), neither in the hippocampus ([Fig. 5A, B](#fig05){ref-type="fig"}), nor in the parietal cortex (not shown) or cerebellum ([Fig. 6A, B](#fig06){ref-type="fig"}). The presence of the transgene product (hsIL-1ra) did not influence the levels of APP or PS1 neither in the hippocampus nor in the cerebellum (data not shown).

![Correlations between the levels of mouse interleukin-1β (mIL-1β) and human soluble interleukin-1 receptor antagonist (hsIL-1ra) (**A, B**), mouse interleukin-6 (mIL-6) (**C**), mouse tumour necrosis factor-α (mTNF-β) (**D**), amyloid precursor protein (APP) (**E**) and presenilin 1 (PS1) (**F**), respectively, in the hippocampus of mice with transgenic expression of hsIL-1ra with homozygotic (Tg hsIL-1ra^+/+^) and heterozygotic (Tg hsIL-1ra^+/−^) genotype, and of wild type (WT) mice, of young and adult age. No correlation was found between the levels of mIL-1β and hIL-1ra (**A**). Labelling of the individual animals according to genotype illustrates the different levels of hsIL-1ra (**B**). A positive correlation was found between the levels of mIL-1β and those of mIL-6 in adult mice (r = 0.70, P \< 0.001) (**C**), and between the levels of mIL-1β and those of mTNF-α in adult mice (r = 0.81, *P* \< 0.001) (**D**). The levels of APP (**E**) and PS1 (**F**) do not correlate with the levels of mIL-1β.](jcmm0011-0810-f5){#fig05}

![Correlations between the levels of mouse interleukin-1β (mIL-1β) and human soluble interleukin-1 receptor antagonist (hsIL-1ra) (**A, B**), mouse interleukin-6 (mIL-6) (**C**), mouse tumour necrosis factor-a (mTNF-α) (**D**), amyloid precursor protein (APP) (**E**) and presenilin 1 (PS1) (**F**), respectively, in the cerebellum of mice with transgenic expression of hsIL-1ra with homozygotic (Tg hsIL-1ra^+/+^) and heterozygotic (Tg hsIL-1ra^+/−^) genotype, and of wild type (WT) mice, of young and adult age. No correlation was found between the levels of mIL-1β and hsIL-1ra (**A**). Labelling of the individual animals according to genotype illustrates the different levels of hsIL-1ra (**B**). Adult mice have higher levels of mIL-1β than young mice of all genotypes (**A, B**). A positive correlation was found between the levels of mIL-1β and those of mIL-6 in both young (r = 0.66, *P* \< 0.001), and adult (r = 0.92, *P* \< 0.001) mice (**C**), and between the levels of mIL-1β and those of mTNF-α in both young (r = 0.78, *P* \< 0.001), and adult (r = 0.95, *P* \< 0.001) mice (**D**). APP (**E**) and PS1 (**F**) levels display a well-defined clustering pattern according to the age of the animals, but no correlation with mIL-1β levels.](jcmm0011-0810-f6){#fig06}

Both the IL-6 and TNF-α levels were found to be positively correlated with the IL-1β levels in the hippocampus ([Fig. 5C, D](#fig05){ref-type="fig"}), parietal cortex (not shown) and cerebellum ([Fig. 6C, D](#fig06){ref-type="fig"}), in both young and adult animals, regardless of genotype. IL-6 correlates with IL-1β in young and the adult animals in the cerebellum (r = 0.66, *P* \< 0.001, and r = 0.92, *P* \< 0.001; [Fig. 6C](#fig06){ref-type="fig"}), the parietal cortex (r = 0.75, *P* \< 0.001, and r = 0.72, *P* \< 0.001; data not shown), and in the hippocampus of adult (r = 0.70, *P* \< 0.001), but not young (r = 27, P = 0.16) animals ([Fig. 5C](#fig05){ref-type="fig"}). In the case of TNF-α, the correlations showed a similar pattern as for IL-6.Thus, TNF-α correlates with IL-1β in young and the adult animals in the cerebellum (r = 0.78, *P* \< 0.001, and r = 0.95, *P* \< 0.001; [Fig. 6D](#fig06){ref-type="fig"}), the parietal cortex (r = 0.62, *P* \< 0.001, and r = 0.85, *P* \< 0.001; data not shown), and in the hippocampus of adult (r = 0.81, *P* \< 0.001), but not young (r = 25, P = 0.19) animals ([Fig. 5D](#fig05){ref-type="fig"}).

There was no correlation between the levels of APP and PS1, respectively, and those of IL-1β, neither in the hippocampus ([Fig. 5E, F](#fig05){ref-type="fig"}), nor in the cerebellum ([Fig. 6E, F](#fig06){ref-type="fig"}). In the cerebellum, the net effect of age on the levels of IL-1β, APP and PS1, determined a distinct clustering pattern regardless of genotype ([Fig. 6E, F](#fig06){ref-type="fig"}).

Discussion
==========

This study presents some consequences of chronic, brain-directed overexpression of hsIL-1ra on the levels of the AD-related proteins APP and PS1, and of certain cytokines in different brain regions, as well as the effects on brain morphology. The transgenic mouse strain with overexpression of hsIL-1ra was developed previously using the promoter for GFAP to limit the expression to the CNS \[[@b31]\]. This transgenic mouse strain has been studied in different models for diseases in which neuroinflammation is believed to be a contributing factor, such as epilepsy \[[@b35]\], head trauma \[[@b36]\] and cerebral ischaemia \[[@b37]\]. Thus, seizures induced by bicuculline methiodide were inhibited \[[@b35]\], and the outcome of cerebral trauma was improved \[[@b36]\], in heterozygotic and homozygotic mice of this transgenic strain. However, in a mouse model of permanent focal cerebral ischaemia, the transgenic (heterozygotic) of hsIL-1ra did not provide neuroprotection \[[@b37]\]. The Tg hsIL-1ra mouse strain has also been used to study the involvement of the IL-1 system in activation of the hypothalamo-pituitary-adrenal (HPA) axis \[[@b38]\], and the metabolism of brain monamines, *i.e.* dopamine and serotonin \[[@b39]\].

The present study demonstrates a marked reduction in brain volume in the Tg hsIL-1ra mice, with a correlation to the amount of transgenic expression, suggesting a dose-dependent effect due to the degree of central blockade of IL-1 transmission. Furthermore, the reduction in brain volume was seen in both young and adult mice, suggesting that the transgenic expression of hsIL-1ra interferes with brain development. These conclusions are supported by the findings that IL-1 promotes astroglial proliferation during embryogenesis, and that IL-1 released from amoeboid microglia during development is involved in regulating growth of the CNS \[[@b5]\]. Interestingly, IL-1 has been shown to stimulate the differentiation of mesencephalic progenitor cells to dopaminergic neurons \[[@b40]\], and contribute to neuronal survival in dissociated spinal cord cultures derived from foetal mice \[[@b41]\]. Studies on other species, such as the demonstration of IL-1β and IL-1RI in developing neural circuits in the frog \[[@b42]\] and of IL-1β in the developing sheep neocortex \[[@b43]\], support the idea that IL-1β is a highly conserved protein, with a potentially important role in CNS development.

Interpretation of the results obtained in studies on the Tg hsIL-1ra mice is dependent upon the potential compensatory mechanisms that may develop secondary to central blockade of IL-1RI-mediated transmission. Thus, it was of interest to analyse the levels of cytokines that are known to be related to IL- 1R-mediated activities, including IL-1β, but also TNF-α, a proinflammatory cytokine that has similar actions as IL-1β, as well as IL-6, a cytokine that is induced downstream of IL-1 signalling. However, the transgenic expression of hsIL-1ra did not affect the levels of IL-1β, IL-6 or TNF-α, with one exception, regarding the TNF-α levels in one brain region. The results, also illustrated by the correlation analysis, do not favour a major compensatory up-regulation of the presently analysed cytokines, even upon homozygotic expression of the transgene, suggesting other mechanisms for the differences observed between the transgenic and WT mice.

Earlier studies showed higher levels of TNF-α in the cerebral cortex of heterozygotic (Tg hsIL-1ra^+/−^) mice as compared to WT mice \[[@b36]\]. The discrepancy with the present data showing lower levels of TNF-α in parietal cortex of Tg hsIL-1ra^+/−^ mice may be due to the different procedures for tissue processing.

Thus, the present data were obtained from tissues homogenised in the presence of detergents, in order to dissolve cellular membranes, conceivably resulting in measurements of both the 17 kDa soluble form and a 26 kDa membrane-bound form \[[@b44]\], whereas Tehranian *et al.*\[[@b36]\] performed the analysis on tissues prepared without detergents. Furthermore, the different results may be due to analysis of different anatomical parts of the cerebral cortex.

The involvement of IL-1 in the pathogenesis of AD has emerged from analyses of clinical material, genetic studies as well as studies on experimental models of AD (for review see ref. \[[@b22]\]). Several studies indicate reciprocal interactions between IL-1 and APP/Aβ-peptide, including the stimulatory effects of IL-1 on the synthesis and processing of APP \[[@b23]\], and the stimulatory effect of Aβ-peptide on the secretion of IL-1 and IL-6 from microglia \[[@b45]\]. The present finding that the levels of APP in the cerebellum were lower in Tg hsIL-1ra^+/−^ than in WT mice, is consistent with the stimulatory effects of IL-1 on the APP gene promoter and synthesis \[[@b46]\], *i.e.* blocking IL-1R-mediated activity in the brain results in a reduced stimulation of APP synthesis. However, the homozygotic (Tg hsIL-1ra^+/+^) mice had similar levels of APP as the WT mice and higher levels than the heterozygotic (Tg hsIL-1ra^+/−^) mice, suggesting that effects of IL-1 on APP have some degree of redundancy. Furthermore, these findings imply that the nature of central blockade of IL-1 signalling in the brain is different in the heterozygotic and homozygotic Tg hsIL-1ra mice, as suggested also by the brain morphology (see above). However, further studies are needed to elucidate the interrelations between IL-1 signalling in the brain and APP expression.

A variety of missense mutations in the gene for PS1 have been found in early-onset autosomal dominant familial forms of AD (FAD) \[[@b28]\]. Studies on the effects of various cytokines in different human neuronal cell lines showed unchanged levels of PS1 mRNA \[[@b49]\], whereas the combination of IL-1β and Aβ~1--42~ synergistically activated PS1 and cyclooxygenase (COX) II synthesis in primary cultures of human neural progenitor cells \[[@b50]\]. The present studies demonstrate an influence of the transgenic overexpression of hsIL-1ra on the PS1 levels in the cerebellum, *i.e.* lower levels were encountered in transgenic as compared to WT mice. However, this effect was only seen in animals with heterozygotic expression of hsIL-1ra. Interestingly, mice with transient expression of mutant PS1 displayed an enhanced response to immune activation by bacterial lipopolysaccharides (LPS) in terms of increased expression of IL-1α, IL-1β, IL-1ra, IL-6 and TNF-α mRNA in the hippocampus and cerebral cortex \[[@b51]\]. Taken together, these findings support a role of PS1 function in inflammation, and vice versa. Further support for this notion is provided by the findings that IL-1β and TNF-α stimulate amyloidogenic γ-secretase cleavage of APP \[[@b26]\].

The expression of the transgene product, hsIL-1ra, in homozygotic (Tg hsIL-1ra^+/+^) mice was, as would be expected, about double the concentration in the heterozygotic (Tg hsIL-1ra^+/−^) mice. Furthermore, the homozygotic animals displayed an age-dependent increase in hsIL-1ra levels in the parietal cortex. The levels of pro-inflammatory cytokines also increased with age, regardless of genotype and gender, with the exception of TNF-α in the hippocampus. The results agree with previous findings showing higher levels of proinflammatory cytokines in the brain of aging rodents as compared to younger animals (\[[@b52]\], for review see ref. \[[@b53]\]). In addition, both APP- and PS1-levels changed with age, although in different directions. Thus, the levels of APP increased with age, both in the hippocampus and cerebellum, regardless of genotype. An age-dependent increase in APP-levels was also described in the rat \[[@b54]\] and human brain \[[@b55]\]. In contrast to APP, the levels of PS1 were found to be higher in young than in adult animals, with the exception of the hippocampus in adult female mice, which had higher levels than young females. Altogether, the analysis of age-related changes indicates a positive co-regulation between the levels of cytokines and APP, and a negative co-regulation between the cytokine levels and PS1. Consequently, there is an inverse relation between the levels of APP and PS1. However, further studies will be required to understand to what extent this means higher levels of full-length APP and/or Aβ, *i.e.* to determine which forms of APP immunoreactive material that are increased with age.

The age-dependent increase in the levels of IL-1β, IL-6 and TNF-α, were not influenced by the Tg hsIL-1ra genotype in the age/groups examined. Instead, a marked positive correlation was found between the three cytokines in all brain regions analysed, regardless of genotype. Interestingly, IL-6 and TNF-α correlated with IL-1β levels in the hippocampus of adult, but not young mice, suggesting that the influence of IL-1β on the expression of IL-6 and TNF-α increases with age.

Some gender differences were observed, regardless of genotype, *i.e.* the hippocampal levels of IL-6, hsIL-1ra and PS1, were higher in female than in male mice. Indeed, higher numbers of astrocytes and microglia have been found in the hippocampus of female mice as compared to male mice \[[@b56]\]. In addition, we show that APP and PS1 levels in the cerebellum were higher in female mice.

In conclusion, the Tg hsIL-1ra mouse strain may provide a useful tool in further studies on the effects of IL-1R-mediated activity on different isoforms and cleavage products of APP, as well as on the role of PS1. The most conspicuous finding in these mice was the marked changes in brain volume, conceivably due to a developmental effect of the chronic, brain-directed overexpression of hsIL-1ra. Our data indicate that compensatory mechanisms due to the chronic blocking of IL-1 receptors in the brain have not occurred with regard to the brain cytokine levels. Thus, IL-1β, IL-6 and TNF-α levels in the brain were essentially unaffected, suggesting that the phenotypic characteristics are probably not due to these proinflammatory cytokines. The measurements of cytokines were performed in physiological conditions, but genotype-dependent differences may appear under pathological conditions. A marked agedependent increase in cytokine levels was found in both transgenic and WT mice, in parallel with increased levels of APP, and decreased levels of PS1.
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